Extreme ultraviolet (EUV) radiation induced growth of carbon and oxygen desorption were investigated on a Ru surface by Auger electron spectroscopy (AES) in the presence and absence of additional photoelectrons (PEs) from a focusing Ru mirror. A decrease in EUV reflectivity with carbon growth in the presence of additional PEs has been observed. Conversely, a carbonaceous Ru surface was cleaned in sequential AES, and discussed in terms of secondary electron assisted dissociation of residual hydrocarbons and water molecules, followed by a chemical reaction between adsorbed carbon and oxygen atoms.
I. INTRODUCTION
Deposition and reaction of carbon on Ru have been the subject of major interest for the past several years, 1 especially in relation to the development of reflective mirrors for the next generation extreme ultraviolet lithography (EUVL) system using 13.5 nm wavelength of light. [2] [3] [4] Recently, extensive research has been carried out on the adsorption, 5 diffusion, 5 and/or extreme ultraviolet (EUV)-induced dissociation 5 of hydrocarbons on a Ru capping layer of Si/Mo multilayer mirrors (MLMs), 6, 7 and the subsequent impact on reflectivity, 8 which is a function of the Ru layer thickness. 9 The focus on photochemistry on the Ru surface arises predominantly from the adverse role in extreme ultraviolet reflectivity (EUVR) 8 of MLMs. Research suggests that the EUV radiation induced surface contamination is associated with: (1) direct photo-dissociation in which the adsorbate on the mirror surface is electronically excited during photo-absorption followed by dissociation into smaller fragments, and (2) indirect dissociation, where the electron-mediated adsorbate decomposition is governed by photoemitted secondary electrons (SEs) from the mirror surface. 5, 10 However, it was reported in a recent theoretical study that EUV-induced C growth is governed by direct excitation induced dissociation rather than SE-mediated decomposition of residual hydrocarbons. 5 Recent studies showed that a graphitic film, which is harmful for mirror reflectivity, can grow on a Ru single crystal by low energy electron irradiation in the presence of hydrocarbons. 7, 10 Although electrons have been used to simulate the SE irradiation of hydrocarbons under EUV exposure, 7 ,10 the effect of SEs on successive mirror reflectivity has not yet been studied so far in detail. In fact, this is a critical issue toward the success of the EUVL technology as this system requires several mirrors for printing nanoscale features. 2 X-ray photoelectron spectroscopy (XPS) is commonly used for estimating carbon contamination in mirrors. 11 However, Auger electron spectroscopy (AES) is better suited for analyzing carbon contamination since it is far more sensitive than XPS in determining elements with low atomic numbers (except hydrogen and helium). 12, 13 It should be remembered that similar to XPS signals, there could be overlapping of Auger peaks in multielement samples, as in the Ru/C system. [14] [15] [16] This will affect elemental sensitivity. However, less prominent but isolated peaks can be used for AES analysis in the case of Ru, 17 whereas this technique is very useful for precise analysis of C on target materials such as Rh, Au, etc., where the respective Auger peak position is well separated from C. In addition, by using a primary electron beam energy !2 keV, one can minimize the carbon deposition process via dissociation of adsorbed hydrocarbons 7 due to low secondary electron yield (d).
18 This is also confirmed in the present study. Moreover, because the electron beam can damage the surface composition of a variety of samples, especially for alloys, it is therefore recommended to use a low electron beam flux to minimize damage during AES analysis. 13 Sequential scans in AES further allow us to follow electron induced damage by looking at the spectral differences with electron exposure. 13 AES has also been used to study ion beam sputtering induced damage in alloy composition 19 where the Auger signal depends on the geometrical factors (such as surface roughening, shadowing effects, etc.) and preferential sputtering. 20 In this article, we report on the experimental protocol to follow electron-induced growth and cleaning of carbonaceous Ru surfaces by AES and EUVR. In particular, we show EUVinduced deposition of carbon on a Ru surface in the presence of additional photoelectrons (PEs) from the focusing Ru mirror of our EUV setup 17 and the formation of a carbide layer with increasing carbon coverage, whereas carbon desorption will be accelerated with electron exposure in sequential AES. In fact, PE-assisted carbon deposition on a Ru surface will be discussed in the framework of EUV-induced dissociation of residual hydrocarbons, and verified further by monitoring the corresponding EUVR. A systematic decrease in reflectivity with increasing EUV exposure in the presence of additional a) Electronic mail:akanjilal@purdue.edu PEs from the focusing Ru mirror (called eEUV in the following) has been noticed. Moreover, AES measurements show desorption of oxygen in parallel with carbon growth as a function of eEUV exposure.
II. EXPERIMENT
The experiments were performed at the materials characterization laboratory IMPACT at CMUXE that hosts an ultrahigh vacuum (UHV) chamber equipped with in situ diagnostic tools such as XPS, AES, EUVR, etc.. 17, 21 To create a chamber condition similar to a EUVL system, 6 we did not bake the UHV chamber, giving a base pressure of $1.8 Â 10 À8 Torr. Since the residual gases in the chamber are known to control the growth of carbon and oxidation of the target surface, 22 a residual gas analyzer (RGA-100) was used to identify the gaseous components. It reveals a partial pressure of water on the order of $2.2 Â 10 À9 Torr with respect to nitrogen, as well as different background hydrocarbons such as methane, acetone, ethyl alcohol, methyl alcohol, benzene, toluene, and methane in conjunction with hydrogen. The XPS measurements were performed using an Al-K a radiation source (hv ¼ 1486.65 eV) where the PEs emitted at 45 from the target surface (giving a sample current of $120 nA) were analyzed by a SPECS Phoibos-100 hemispherical electron analyzer (HEA) 17 with an energy resolution of 0.85 eV. Calibration of the binding energy scale with respect to the measured kinetic energy (KE) was made using silver Fermi edge. A SPECS electron gun (on the x-axis) situated at an angle of 65 from the target surface (without rotating the sample toward HEA along the y-axis) at the center of the UHV chamber 17 was used for AES as well as for sequential AES measurements. Grazing incidence EUVR has been investigated (with the help of a reflecting photodiode at an angle of $15 ) 17 with the help of Phoenix EUV source 23 that emits light in the range of 12.5-15 nm with a peak maximum at $13.5 nm (92 eV), and two calibrated EUV photodiodes from International Radiation Detectors Inc. The estimated EUV total beam power reaching the sample surface is $0.3 lW, whereas the total power of the photons with wavelength 13.5 nm (within 2% bandwidth) is $0.1 lW.
11 The EUV beam size was as big as the investigating area, while the sample current was changed from À0.6 to 0.5 nA with and without additional PEs from the focusing mirror; see Ref. 17 for details. In fact, the target holder is insulated from the chamber and the sample current was measured from the target in a series with a grounded Keithley-6487 pico-ammeter. The error in the measured reflectivity was found to be about 64%. A 50 nm thick Ru film was grown on a p-type Si(100) wafer for our experiments and was diced into pieces with an average area of 1 Â 1 cm 2 . The target surface was sputter cleaned by 2 keV Ar þ for 15 min (optimized) with a beam current of $410 nA. The cleanliness of the Ru surface was monitored by AES in situ by a 2 keV electron beam, giving a sample current of $430 nA. We should also note here that the electron beam was not scanned during AES and sequential AES measurements, as the spot size of the electron beam was as big as the area of the target surface. During AES analysis, the electron flux was estimated to be $5.3 Â 10 11 electrons/cm 2 s, whereas the electron fluence for each scan was found to be $1.6 Â 10 14 electrons/cm 2 . As the EUV source is mounted in a separate vacuum chamber with a differential pumping arrangement, the working pressure of the experimental chamber was $3.1 Â 10 À8 Torr for all our experiments.
III. RESULTS AND DISCUSSION
Figure 1 exhibits a sequence of Auger spectra in the integral mode within 190-290 eV (a) and 500-530 eV (b), and their derivative, dN(E)/dE mode in the range of 190-290 eV (c). The Auger spectra were recorded from a sputter cleaned Ru surface (marked by "0") and after being exposed to eEUV for 1 min in each step (Fig. 1) . The Auger features originating from a sputter cleaned sample in Fig. 1 (a) appear as peaks at $201, 231, and 273 eV on a large background of inelastically scattered electrons, while these features are gradually terminated followed by the change in slope and appearance of a carbide peak at $260 eV (Ref. 14) with increasing eEUV exposure. In addition, a small peak at $514 eV in a sputter cleaned sample [ Fig. 1(b) ] indicates that the Ru surface is not free of O, while it disappears gradually with eEUV exposure. Differentiating the N(E) spectra in the range of 190-290 eV [ Fig. 1(c) ], Auger features become prominent relative to the background, and therefore allow to distinguish elements from their KEs. This is also advantageous to track the relative change in peak intensity The spectrum recorded after sputter cleaning is marked by 0, while the spectra monitored after being exposed to eEUV for 1 min in each step are indicated by "1"-"11."
and shape with eEUV exposure. When assigning Auger peaks of sputter cleaned Ru films, we have checked all possible Ru peaks in the range of 200-274 eV. 12, 24 Although the Ru MNN peaks situated at $201 and 231 eV are not interfering with different C KLL lines 14 (depending on chemical surroundings), 25 the strong Ru peak at $274 eV (Ref. 12) overlaps with the C KLL transition at $272 eV (Ref. 15 ) and thus makes the matter complicated. Nevertheless, the eEUV mediated change in a transition profile of the combined Ru and C Auger signal peaking at $273 eV (Fig. 1) supports the growth of carbon in the light of dissociation of adsorbed hydrocarbons on Ru. 6 Although C atoms were found to be chemisorbed on the Ru surface or accommodated in the form of hydrocarbon fragments (analyzed by XPS), we found the formation of carbide as well using AES. 17 The Auger peak at $514 eV [ Fig. 1(b) ] indicates oxygen uptake on Ru during Ar þ sputtering due to the formation of defects at the surface. 26 In order to distinguish the effect of additional PEs from the focusing Ru mirror on carbon deposition, we have also carried out AES measurements on Ru by exposing it to EUV only by screening out additional PEs for 1 min in every step (Fig. 2) . Although Auger peaks in the N(E) spectra were suppressed in the very beginning of EUV exposure within 190-290 eV [ Fig. 2(a) ], no significant variation was observed in the O region [ Fig. 2(b) ]. The first derivative of the N(E) spectra [ Fig. 2(c) ] also shows a slight change in Auger peaks in the beginning of EUV exposure. These results confirm that the 2 keV primary electrons are suitable for AES studies and do not have a significant effect on the C deposition process by dissociating hydrocarbons. 7 Since the Ru mirror reflectivity is sensitive to carbon deposition, 8 we also examined EUVR in every alternating step of AES either by exposing the Ru mirror surface to eEUV or EUV only (Fig. 3) . As is apparent, the eEUV-induced decrease in EUVR indicates the increase in carbon coverage, whereas no drastic change in reflectivity was observed when excited with EUV alone, indicating that the 2 keV electron beam did not have much of an effect on carbon deposition during AES measurements (Fig. 2) . Based on the above observations, we can therefore conclude that additional PEs can play a decisive role in depositing carbon on the Ru surface.
In order to follow the variation in carbon growth, we measured the ratio of the peak-to-peak values of the 273 eV to the 231 eV peaks, where the calculated values for EUV exposed sample (solid circles) are superimposed on the corresponding eEUV values (solid squares) for direct comparison (inset, Fig.  3) . Clearly, the carbon growth is much lower with EUV alone than with eEUV. However, the data points for the EUV exposed sample fluctuate within the error bar. The difference in EUV-induced carbon growth with and without PEs can also be correlated to the line shapes of the recorded integral spectra, especially the slope of the background in Figs. 1(a)  and 2(a) , respectively.
Compared with the EUV exposed sample (Fig. 2) , the eEUV-induced gradual deposition of carbon causes the negative signal to grow at 273 eV by suppressing the 231 eV peak in the dN(E)/dE mode [ Fig. 1(c) ], while the carbide peak situated at $260 eV (Ref. 14) becomes apparent in the N(E) mode [ Fig. 1(a) ]. Moreover, the slow disappearance of the O KLL peak at $514 eV with eEUV exposure [ Fig. 1(b) ] can be discussed in light of the PE-induced desorption of O either via the formation of O 2 in an O-rich environment or the creation of surface defects (i.e., oxygen vacancies). 7 In fact, the formation of oxide species relies on the reaction of a fractional carbon with dissociated fragments of water molecules (mainly free O) on Ru, where the adsorption of water molecules depends on several variables that include binding energy, sticking coefficient, lifetime, chamber pressure, etc. 6 Since the O peak intensity at $514 eV was found to be almost unaffected during EUV exposure [ Fig. 2(b) ], we The spectrum recorded after sputter cleaning is marked by 0, while the spectra monitored after being exposed to EUV for 1 min in each step are indicated by 1-11. The spectrum recorded after sputter cleaning is multiplied by 1.7 for clarity.
believe that the energetic electron beam alone in AES is neither efficient enough in depositing carbon by decomposing hydrocarbons nor removing oxygen from Ru. In fact, comparing Figs. 1(b) and 2(b), we can conclude that the kinetics behind O desorption is most likely controlled by C growth rate on Ru. In this way, fluctuation in C deposition under EUV exposure (inset, Fig. 3) , and so the insignificant change in EUVR (Fig. 3) can be explained in light of the competition between oxidation and carbonization of the Ru surface via EUV-induced simultaneous decomposition of residual hydrocarbons and water molecules on Ru. 6, 8 In an attempt to understand the electron-induced sputtering of a carbonaceous Ru surface (prepared by expositing Ru to eEUV for 1 h) in AES, sequential Auger spectra were monitored (Fig. 4) . One can see the electron-assisted modification in the N(E) spectra in two different KE regions [see Figs. 4(a) and 4(b) ], while the dN(E)/dE results in the KE range of 190-290 eV are displayed in Fig. 4(c) . By suppressing the carbide peak at $260 eV, 14 although a slow evolution of the Ru/C peak at $273 eV together with Ru 201 and 231 eV peaks can be observed in the N(E) spectra with electron exposure [ Fig. 4(a) ], no significant variation in the O KLL peak at $514 eV was found [ Fig. 4(b) ]. Despite the observation of a clear change in the N(E) line shapes with electron exposure, calculation of the peak-to-peak intensity ratio of the 273 eV to the 231 eV peaks (open squares, inset, Fig. 3 ) from Fig. 4(c) poses the removal of C atoms from the Ru surface. In fact, the positive going peak at $273 eV with electron exposure [marked by "i" to "xi" in Fig. 4(c) ] is the fingerprint of increasing Ru contribution by removing carbon. 16 We should note that the chamber base pressure remained similar in each experiment and results were repeatable in different runs. Now the question arises: why is the electron beam not able to remove O from the Ru surface if it can do so for C? The answer is two-fold: First, the C growth rate is most probably lower than the sputtering rate, while sputtered O can be replaced immediately by the newly created O via SE-enhanced dissociation of water molecules. 6 Second, the creation of a large number of free O not only accelerates C desorption by forming volatile carbon oxides, 6 but also can react with the exposed Ru surface 26 and thus increase the surface lifetime of O. Since carbon desorption is not a one step process, we will discuss the mechanism involved in detail in the following. Although the water molecules interact weakly with the C coated layer, electron-induced C desorption is able to create a large number of surface defects (O vacancies), which as a result allow free O atoms to interact with underlying Ru atoms. 7 Although the peak-to-peak values of the 273 eV/231 eV peaks are almost identical after Ar þ sputtering and after the fourth scan in sequential AES (inset, Fig. 3 ), the relatively small upper-half/lower-half ratio of the 273 eV peak in the latter case (0.41) [Fig. 4(c) ] with respect to the one after Ar þ sputtering (0.56) [ Fig. 1(c) ] suggest that the electron beam is not efficient enough to sputter out adsorbents from the Ru surface. Hence, we believe that the second mechanism is playing a pivotal role in controlling C desorption from Ru in sequential AES. In fact, the positive sample current during AES investigation implies that the surface is not flooded with electrons, as opposed to those electrons having energy <270 eV (not shown). This has been investigated separately using an electron gun and will be published elsewhere. 27 Based on this observation, the negative target current in the eEUV exposed sample indicates that the low energy PEs from the focusing Ru surface mainly dominate in eEUV experiments.
The above change in surface chemistry can be discussed in detail in terms of d. Because d is a function of energy of the injected electrons 18 and photons, 7 one would expect strong decomposition of hydrocarbons and water molecules on Ru with larger d, preferably within 100 eV for incident photons, 7 whereas it is below 1 keV for electrons. 18 This is associated with the difference in photo-ionization cross section and electron-ionization cross section. 7 In particular, the rate of generation of SEs in the case of electron excitation is a function of depth where the stopping power of the incident electrons plays an important role. 18 The photo-ionization depends primarily on the photon absorption by an atom, followed by electron excitation. 28 Because of the difference in ionization processes, the momentum transfer between electrons and lattice (which are responsible in controlling secondary emission) 29 cannot, therefore, be identical for the incident photon and electron energies, and so the expected d. In fact, a photon-stimulated desorption cross section was reported to be smaller than the electron-stimulated desorption cross section on Ru.
7 This is also due to a larger electron-induced ionization cross section of Ru ($1 Â 10 À17 cm 2 for 100 eV electrons) than the photoionization cross section ($6 Â 10 À19 cm 2 for 92 eV photons). 7 Owing to low d of Ru ($0.02 electrons/ photon), O removal cross section for 92 eV photons ($3 Â 10 À20 cm 2 ) was reported to be lower than the one for 100 eV electrons ($6 Â 10 À19 cm 2 ). 7 However, we observed an increase in d with EUV exposure. 21 Independent of primary electron energy 30 and 92 eV photons, 5 as d of a typical MLM was found to decrease drastically with increasing carbon coverage, the observed increase in SEs under EUV exposure only 21 indicates the dominant role of water molecules on Ru for supplying free O atoms, 11 which in turn take part in cleaning a fraction of C. A recent observation of a gradual decrease in SEs with eEUV radiation, 17 however, can change the scenario, indicating more hydrocarbons to dissociate than water molecules in the presence of additional PEs that take control of C growth and O desorption (Fig. 1 ) and so the EUVR (Fig. 3) .
Since d for carbon drops from its maximum (1.06) at $400 eV to 0.37 at 2 keV electrons (see Ref. 18 and references therein), we believe that dissociation efficiency of hydrocarbons and water molecules will be very low on Ru in AES within the present experimental conditions. Moreover, we found a slow C desorption from a carbonaceous Ru surface in the absence of any modification in O peak intensity during sequential AES (Fig. 4) . This fact indirectly confirms the dominance of free O over C growth, leading to a chemical reaction to form volatile oxides of carbon. 6 Clearly, free O atoms play a key role in cleaning C atoms from Ru as a function of electron exposure, which is in accordance with electron-irradiation enhanced cleaning of surface carbon in O environment at room temperature (RT). 31 In fact, the formation of CO and RuO 2 has been observed by XPS on a sputter cleaned Ru surface under a similar experimental condition. 11 Since CO cannot be dissociated at RT and form CO 2 by reacting with O due to a high activation barrier, it is clear that electrons play the decisive role behind the dissociation and/or desorption of CO. A prior report indicates that electrons below 200 eV are efficient enough to dissociate CO into C and O. 32 Since the formation of free O under EUV exposure would be the same in different cases via dissociation of water molecules, 11 the observed desorption of O by depositing C on Ru with time (see Fig. 1 ) in the presence of additional PEs confirms (1) the formation of low energy electrons from the focusing Ru mirror and (2) electron-induced dissociation of CO along with water molecules and subsequent recombination of free O atoms to form O 2 in O-rich environment; whereas adsorbed C on a Ru surface will primarily be transformed into carbides. 17 On the contrary, the carbide peak intensity was suppressed with time without any change in O peak intensity (see Fig. 4 ). Based on our previous discussion, this phenomenon can also be understood on the ground of electron-induced oxidation of carbides in an O-rich environment, 31 and the formation of CO. Because of a low d value for 2 keV electrons, the dissociation probability of CO is likely to be negligible. Since the concentration of C was found to be reduced systematically without much change in O intensity in consecutive AES scans (Fig. 4) , looking at the AES spectrum of a sputter cleaned sample we believe that the observed result is related to electron-induced desorption of a fraction of CO from the Ru surface. 33 Partial oxidation of CO can also take place at RT due to the catalyzing behavior of hydrous RuO 2 on a Ru surface, leading to the formation of CO 2 . 34 As carbon was found to pile up with time in the presence of additional PEs (Fig. 1) , we can conclude that the catalytic oxidation 34 of CO would be negligible for low energy electrons because of their ability to decompose RuO 2 . 35 
IV. SUMMARY
In summary, we report on electron-induced deposition and desorption of carbon on a Ru surface by AES. We show a systematic growth of carbon on Ru in parallel with oxygen desorption under eEUV exposure using AES and EUVR, where the latter process shows a gradual decrease in EUVR with increasing carbon deposition in time. However, no significant variation in carbon coverage and O desorption was noticed, nor the EUVR when Ru was exposed to EUV radiation without additional PEs. Moreover, sequential AES spectra were recorded from a carbon coated Ru, showing gradual desorption of C without much change in O peak intensity with electron exposure. All these results were discussed on the ground of a competition between EUV and/or electron induced dissociation processes of residual hydrocarbons and water molecules. The present results highlight the crucial role of SEs in controlling the relative contribution of carbon and free O, and thus their chemical reaction for desorbing C from the Ru surface. We also show the usefulness of AES in tracking C growth without damaging the Ru surface by electron irradiation.
